Artificial photosynthesis to carry out both the oxidation and the reduction of water has emerged to be an exciting area of research. It has been possible to photochemically generate oxygen by using a scheme similar to the Z-scheme, by using suitable catalysts in place of water-oxidation catalyst in the Z-scheme in natural photosynthesis. The best oxidation catalysts are found to be Co and Mn oxides with the e 1 g configuration. The more important aspects investigated pertain to the visiblelight-induced generation of hydrogen by using semiconductor heterostructures of the type ZnO/Pt/ Cd 1−x Zn x S and dye-sensitized semiconductors. In the case of heterostructures, good yields of H 2 have been obtained. Modifications of the heterostructures, wherein Pt is replaced by NiO, and the oxide is substituted with different anions are discussed. MoS 2 and MoSe 2 in the 1T form yield high quantities of H 2 when sensitized by Eosin Y. Two-step thermochemical splitting of H 2 O using metal oxide redox pairs provides a strategy to produce H 2 and CO. Performance of the Ln 0.5 A 0.5 MnO 3 (Ln = rare earth ion, A = Ca, Sr) family of perovskites is found to be promising in this context. The best results to date are found with Y 0. 5 Sr 0.5 MnO 3 .
Introduction
Generation of hydrogen by means of photocatalytic, solar-thermal and photoelectrochemical water splitting has gained considerable importance in recent years due to the demand for renewable hydrogen [1] [2] [3] [4] . Plants convert solar energy to chemical energy using Figure 1 . Comparison of (a) one-step and (b) two-step processes of water splitting. Reproduced with permission from [2] . Copyright c 2014, The Royal Society Chemistry. (Online version in colour.)
only 0.03% of the solar energy with a quantum yield of near unity. In natural photosynthesis, two photosensitizers simultaneously absorb light and the electron transfer chains separate the charges efficiently [5] . Several efforts have been made to mimic natural photosynthesis in the laboratory artificially, to produce hydrogen and oxygen by the splitting of water involving two redox reactions [6, 7] : Photochemical water splitting comprises three steps [1] . They are absorption of light, generation and separation of charges and redox reactions at the surface as given by the above equations. The semiconductors used for the purpose should possess a negative conduction band (CB) minimum relative to water reduction and a positive valance band (VB) maximum relative to the water-oxidation potential (figure 1a). Furthermore, one should have reasonable surface catalytic reaction rates. Reduction of water to hydrogen involves two electrons while the oxidation of water to oxygen involves four electrons. Water oxidation is a crucial step in water splitting and determines the overall efficiency. Sacrificial electron acceptors (AgNO 3 , Na 2 S 2 O 8 ) or donors (Na 2 S-Na 2 SO 3 ) are used to remove either electrons or holes, and the counter charge retained in the photocatalyst reacts with water to yield either oxygen or hydrogen. Artificial photosynthesis can be a one-step or two-step process depending on the involved mechanism as shown in figure 1 [2] . In the one-step process, the photocatalyst absorbs the light and generates charges, and the electrons reduce water while the holes oxidize water. In the two-step process, two sensitizers absorb the light generating electron-hole pairs and the process is akin to the Z-scheme in natural photosynthesis [5] . Another strategy to convert solar energy to chemical energy is by thermochemical splitting of H 2 O into H 2 , a strategy that can also be used to reduce CO 2 to CO. Thermochemical processes performed using solar concentrators can achieve high solar-to-fuel conversion efficiencies as they allow the utilization of the entire solar spectrum besides the thermal energy. Direct thermolysis of H 2 O is not favoured due to the large energy penalty (T > 2500 K) and the unavoidable mixing of explosive H 2 and O 2 gases at high temperatures. With this purpose, catalytic cycles which split H 2 O at moderate temperatures in two or multiple steps are being explored [8] [9] [10] [11] . In this context, redox-active metal oxides (MO n ) which split H 2 O (or CO 2 ) in two discrete steps are of interest. The basic reactions are 
where the oxide first gets thermally reduced (T RED ) producing a non-stoichiometric composition (equation (1.3)) followed by the reversible oxidation (T GS ) to give back the stoichiometric oxide on reaction with H 2 O or CO 2 as shown in equation (1.4) . The process efficiency is determined by δ and the heating energy input. A larger T RED relative to the T GS favours the process. Nonvolatile two-step cycles based on non-stoichiometric reduction of ceria (CeO 2 → CeO 2−δ ) have been reported by Chueh et al. [12] . In this context, non-stoichiometric perovskite oxides are potential candidates due to the larger extent of reduction that can be achieved at considerably low temperatures [8] .
There is a great challenge in designing stable photocatalysts for the oxidation and reduction of water. In this article, we focus our discussion on the oxidation of water ( §2) using certain new photocatalysts, followed by water reduction by photochemical means in §3. Heterostructures of semiconductors can promote charge separation and also provide wide tunability for the absorption of solar radiation [13] . We discuss water reduction by semiconductor based heterostructures along with the dye-sensitized strategy ( §3). Solar-thermal reduction of water is discussed in §4. Here, we examine the use of several perovskites of manganese which are shown to be far superior to ceria in splitting H 2 O and CO 2 yielding H 2 and CO.
Photo-oxidation of water to oxygen
As stated earlier, oxidation of water to oxygen is a four-electron transfer process and is hence kinetically challenging. It is of importance therefore to develop stable and efficient photocatalysts and co-catalysts for the oxidation of water. Photocatalytic oxidation of water has not been successful to date, though the use of photoanodes for oxidation of water is well explored [13, 14] . In natural photosynthesis, the water-oxidation complex, Mn 4 CaO 4 , is involved in the oxidation of water. Greenblatt and co-workers have investigated many manganese oxides especially with cubane-type structure as catalysts for the oxidation of water [15, 16] . It has been found that λ-MnO 2 and other Mn oxides of cubane and related structures were not really good wateroxidation catalysts [17] . Semiconducting materials such as α-Fe 2 O 3 , BiVO 4 and WO 3 possess the desired VBs with sufficiently narrow band gaps and are suitable for direct light-induced photo-oxidation of water. In these studies, sacrificial electron acceptors such as AgNO 3 and Na 2 S 2 O 8 are used to scavenge the photo-excited electrons. Photo-excited holes oxidize water to oxygen. By tuning the properties such as size, shape and other properties, oxygen evolution activities can be altered. For example, α-Fe 2 O 3 exhibits an increase in oxygen evolution rate from approximately 70 to 700 µmol h −1 g −1 under visible light irradiation by reducing the size of the particles [18, 19] . Deposition of electrocatalysts on these materials has shown to enhance the oxygen evolution activity. Deposition of CoO x , Co phosphate and IrO x on BiVO 4 enhances the activity relative to bare BiVO 4 [14] . Good electrocatalysts such as IrO 2 and RuO 2 are expensive and their availability is limited; hence developing electrocatalysts containing earth abundant elements is essential. Mn-and Co-containing compounds are promising and well studied in both artificial and natural photosynthesis. In our laboratory, a series of Mn-and Cocontaining compounds have been synthesized and evaluated for their photocatalaytic activity [17, 20] . Similarities between natural photosynthesis and laboratory water oxidation are shown in figure 2 [6] . A systematic study of increasing of Li content in Li [17] .
seems to be essential in determining the catalytic activity for the oxidation of water. In view of the importance of the e 1 g configuration, deposition of such catalysts on semiconducting materials such as BiVO 4 , α-Fe 3 O 4 , WO 3 , etc., may provide a useful combination to yield high oxygen evolution rates. It is found that the presence of Pt enhances the catalytic activity of LaCoO 3 and other catalysts [21] .
3. Photo-reduction of water to hydrogen using semiconductors and dyes Photocatalysts such as TiO 2 , SrTiO 3 and ZnO possess desirable VBs and CBs, but they are only active under UV light due to the large band gaps. The best approach to make them visible light-responsive is by doping other elements, forming solid solutions or sensitization with other materials (dyes, small band gap materials). For example, forming a solid solution of ZnS with AgInS 2 as in (ZnS) 0.4 (AgInS 2 ) 0.6 results in the optimum band gap with suitable band positions. These nanocrystals capped by S 2− ions are produced by ligand exchange reaction in toluene-formamide solvent medium. They exhibit photocatalytic H 2 evolution activity of 5.0 mmol g −1 h −1 without the addition of any noble metals which is significantly higher compared with its bulk counterpart (1.1 mmol h −1 g −1 ) [22] . Doping of anions (donors) in oxides and sulfides is a more promising approach than the doping of cations (acceptors) to bring about significant changes in the electronic structure. Substitution of O with N in these materials alters the electronic structure and decreases the absorption edge. However, it leads to charge imbalance due to replacing O 2− with N 3− and defective. Co-substitution of N and F in place of O is a promising method to alter the electronic structure while retaining the charge balance [23] .
Recently, co-substitution of N and F in TiO 2 and ZnO has been carried out in our laboratory which leads to substantial decrease in band gaps of TiO 2 and ZnO with a change in colour from white to yellow and orange, respectively [23, 24] . TiO 2−x (N,F) x exhibited a hydrogen evolution rate of 60 µmol h −1 g −1 without the presence of any noble-metal cocatalyst under visible light irradiation [24] . Hence co-substitution of N and F in several wide band gap oxides such as SrTiO 3 , NaTaO 3 , BaTaO 3 , etc., is a potential method to make and use them as visible light-sensitive photocatalysts.
(a) Dyes
Dyes have been successfully used as visible light-responsive components in photocatalysis. Combinations of dyes with wide variety of materials, ranging from large band gap to small band gap and metallic systems have been studied (table 1) [25, 30, 31] . For example, in dye-assisted TiO 2 , the dye absorbs light and injects the photo-excited electron to the CB of the TiO 2 and these electrons participate in the reduction of H + to H 2 [1] . Use of small band gap materials such as MoS 2 with Eosin Y dye has been studied recently [25, 30] . Hydrogen evolution activities of 0.05 and 2-3 mmol h −1 g −1 were obtained with 2H-MoS 2 and graphene-MoS 2 , respectively [25] . Graphene acts as an electron channel in the latter case. Use of N-doped graphene with MoS 2 results in the formation of p-n junction which results in the induced electric field at the interface of n-type N-doped graphene and p-type MoS 2 . As a result, enhanced hydrogen evolution activity of 10.8 mmol h −1 g −1 is obtained ( . Recently, g-C 3 N 4 has gained attention owing to its desirable VB and CB positions in addition to its visible light absorption and surface catalytic sites [32] . Modification of the electronic structure of these materials, for example P and Cl co-substituted CdS, has been shown to enhance the activities approximately three times probably due to the capability for using longer wavelengths [33] . These materials themselves exhibit very weak H 2 evolution activities because of the recombination of either charge carriers or the reaction intermediates. Often redox reactions of water splitting occur on the time scales of microseconds or longer, whereas the charge carrier recombination and relaxation occur within a few nanoseconds [34] . In order to achieve maximum yields, there is a need to prolong the lifetime of charge carriers and suppress the recombination of reaction intermediates.
Kato et al. [35] have demonstrated efficient water splitting to hydrogen and oxygen using NiONaTaO 3 : La by physical separation of water reduction and oxidation sites. This has motivated several researchers to take steps to develop such kinds of structures and evaluate their properties [36] [37] [38] . A very important contribution has been made by Alivisatos and co-workers who have developed multicomponent nanoheterostructures with tunable properties [36] . These structures contain Pt-tipped CdS nanorod with embedded CdSe seed. Upon photoexcitation of CdS, the photo-generated electrons are injected into Pt and holes are confined to CdSe seeds (figure 6). These authors could tune the properties by tuning the distance between the reactions sites and extent of charge separation through band alignment of CdS and CdSe. From this study, it was concluded that increasing nanorod length (i.e. the distance between the reaction sites, Pt and CdSe) results in increased hydrogen evolution activities. Similarly, a smaller seed (2.3 versus 3.1 nm) results in higher yields ( figure 6 ). CdSe/CdS/Pt heterostructures with seed diameter of 2.3 nm and nanorod length of 60 nm exhibited a hydrogen evolution of 40 mmol h −1 g −1 with an apparent quantum yield (AQY) of 20% at 420 nm in the presence 2-propanol ( We have recently developed simple and solution-processed ZnO/Pt/CdS-type heterostructures [37] . In these heterostructures, upon visible light irradiation CdS absorbs the light and generates electron-hole pairs. The electrons are injected to ZnO and eventually reach Pt and reduce H + to H 2 . The holes located in the VB of CdS are used by the sacrificial agents ( figure 7) . The presence of Pt in these structures shows approximately sevenfold improvement in H 2 evolution activity. The presence of Pt on ZnO is twofold more highly active compared with Pt present on CdS, indicating the importance of location of Pt. In this configuration of ZnO/Pt/CdS, vectrorial transfer of excited electrons makes them suitable for charge transfer and separation. Partial substitution of Zn in CdS as in ZnO/Pt/Cd 1−x Zn x S has shown remarkable changes in the activities (figure 8a). ZnO/Pt/Cd 0.8 Zn 0.2 S heterostructures have exhibited a maximum hydrogen evolution of 12.5 and 31.2 mmol h −1 g −1 in the presence of Na 2 S-Na 2 SO 3 under visible and UVvisible irradiation, respectively. Although the substitution of Zn in CdS increases the band gap making fewer photons suitable for absorption, we see enhanced H 2 evolution activity. This could be due to the enhanced charge separation obtained by altering the band alignment by partial substitution of Zn in CdS. This fact was also supported by room temperature photoluminescence studies. Similar effect has also been observed with partial substitution of Se in CdS as in ZnO/Pt/CdS 1−x Se x . On replacing Na 2 S-Na 2 SO 3 with benzyl alcohol-acetic acid, ZnO/Pt/CdS and ZnO/Pt/Cd 0. 8 We have carried out a detailed investigation of the visible light-induced hydrogen evolution by using TiO 2 /Pt/Cd 1−x Zn x S (x = 0.0, 0.2) heterostructures, wherein poorly crystalline or nearly amorphous TiO 2 (anatase) as well as crystalline anatase (denoted as a-TiO 2 and c-TiO 2 , respectively) have been used. a-TiO 2 was prepared by the hydrolysis of aqueous TiCl 4 with dilute KOH solution and c-TiO 2 was prepared by thermal treatment of a-TiO 2 at 300 • C. With the increasing proportion of CdS, the absorption in the visible region increases as expected. We first studied visible light-induced hydrogen evolution in the presence of Na 2 S-Na 2 SO 3 as sacrificial agents and found maximum activity at a loading of 20 mol% of CdS relative to TiO 2 in a-TiO 2 /CdS. The fraction of CdS that effectively forms the interface with the TiO 2 decreases beyond 20 mol%. This reduces the transfer of excited electrons to the TiO 2 and also prevents the reactant molecules from reaching the TiO 2 surfaces. We have, therefore, maintained 20 mol% of CdS relative to TiO 2 as the optimum loading in subsequent studies with the a-TiO 2 /Pt/CdS heterostructures. We must note that the role of the Pt co-catalyst in hydrogen evolution has been well explored. A transmission electron microscopy image of a-TiO 2 /Pt/CdS is shown in figure 9a . This image depicts uniform distribution of Pt and CdS nanoparticles on the a-TiO 2 . The lattice fringes d spacing of 0.22 nm is assigned to the (111) plane of Pt. Similarly, the d spacing of 0.35 nm is assigned to the (111) plane of the cubic CdS. Upon photoirradiation, the charges generated in CdS are transferred to the interface of TiO 2 and participate in the water reduction. The activity in this kind of heterostructure, therefore, depends on the surface/interface properties rather than the bulk properties of the TiO 2 . As hydrogen evolution activity is considerably enhanced in the presence of benzyl alcohol-acetic acid as a sacrificial agent [37, 43] , we have used this mixture as the hole scavenger and carried out hydrogen evolution reaction (HER) studies. We indeed found excellent improvement in hydrogen evolution, yielding 31 mmol h −1 g −1 with AQY of 29% under visible light irradiation (figure 9b and table 2). As modification of the electronic structure of CdS by partial substitution of Zn as in Cd 1−x Zn x S is reported to improve the visible light-induced HER activity in these heterostructures [37] , we have prepared heterostructures by partially substituting the Zn in CdS. These heterostructures (a-TiO2/Pt/Cd 0.8 Zn 0.2 S) exhibited a maximum H 2 evolution activity of 40 mmol h −1 g −1 with an AQY of 48% under visible light irradiation. Hence we assume the use of amorphous TiO 2 in such kinds of heterostructures has a potential to reduce the processing cost and technologies.
The photocatalytic properties of ZnO/Pt/CdS heterostructures depend on the electronic, optical and physical properties of ZnO. Conducting ZnO (F-doped ZnO) nanoparticles were therefore obtained by the treatment of ZnO with NH 4 F (1 : 2 mole ratio) at 600 • C in N 2 atmosphere [23] . We have used F-doped ZnO for the purpose of forming ZnO/Pt/Cd 1−x Zn x S type heterostructures, and used them in H 2 evolution studies. Our preliminary results suggest [43] . Therefore, the structures containing ZnO 0.8 (NF) 0.2 and CdS provide two photosensitive centres. These structures exhibited superior hydrogen evolution activities in the presence of both Na 2 S-Na 2 SO 3 and benzyl alcohol-acetic acid (figure 10b). Partial substitution of Zn in CdS in these heterostructures also enhances the activity, as in the case of ZnO/Pt/Cd 1−x Zn x S [37] .
We have investigated the effect of the morphology and surface area of oxide nanostructures in ZnO/Pt/CdS type heterostructures for visible light-induced hydrogen generation [44] . TiO 2 /Pt/Cd 0.8 Zn 0.2 S heterostructures containing TiO 2 powder, TiO 2 nanoparticles (NPs), H 2 Ti 3 O 7 nanotubes (NTs) and TiO 2 NTs with surface areas of 40, 123, 248 and 249 m 2 g −1 , respectively, exhibited hydrogen evolution activity of 0.55, 1.01, 1.76 and 1.20 mmol h −1 g −1 , respectively (figure 11a). Structures containing H 2 Ti 3 O 7 NTs having highest surface area show highest H 2 evolution activity, whereas those containing TiO 2 powder having least surface area show least H 2 evolution activity. We have also observed that ZnO/Pt/CdS heterostructures containing (i) ZnO NPs, (ii) ZnO nanorod 1 (NR1), (iii) ZnO nanorod 2 (NR2) and (iv) ZnO nanorod 3 (NR3) with surface areas of 45, 41, 18 and 9 m 2 g −1 , respectively, exhibited hydrogen evolution activities of 5.36, 6.88, 5.29 and 2.55 mmol h −1 g −1 , respectively (figure 11b). Hence H 2 evolution from these heterostructures follows the trend in the BET surface area of the oxide nanostructures where higher surface area shows higher activity. A slight variation from the trend is observed in the case of ZnO NR1 which showed higher photocatalytic activity than ZnO NP. It is probably due to better separation of photo-generated charge carriers in the case of ZnO NR1.
Replacing expensive Pt with NiO in these heterostructures is a promising approach in order to obtain cost-effective renewable energy production. NiO has several advantages over Pt and other co-catalysts as it does not allow back reaction or recombination of H 2 and O 2 [45] . In our further studies, we have replaced Pt with NiO in ZnO/Pt/Cd 1−x Zn x S heterostructures (figure 12) [46] . Although ZnO/NiO/CdS shows higher activities compared with ZnO/CdS, the most remarkable improved activity is observed with partial substitution of Zn in CdS as in ZnO/NiO/Cd 0. 8 Further studies on determining the role of NiO in these heterostructures in separating charges and catalysing proton reduction are in progress. The detailed results will be published soon elsewhere. There is considerable scope for developing heterostructures which are efficient, stable and inexpensive for the reduction of water. More importantly, the structures should exhibit H 2 evolution activities at longer wavelengths (λ > 600 nm). Detailed discussion on use of heterojunctions or heterostructures for producing hydrogen is available in the literature [9, 11, 33] .
Solar-thermal reduction of water and CO 2
An important oxide that has been investigated for this purpose is CeO 2 . The two-step cycle using the CeO 2 /Ce 2 O 3 redox pair is affected by the sublimation of CeO 2 at extremely high reduction temperatures (2273 K) [47] . Oxygen non-stoichiometry of ceria at various temperatures and oxygen partial pressures has been reported by Panlener et al. [48] and thermal reduction [49] . CeO 2 can be modified by several metal ions and metal oxides as in the case of ferrites. Oxidation rates improve due to the addition of +3 dopants, especially La 3+ adds better thermal stability during multiple cycling. Addition of Cr 3+ in CeO 2 also improves the activity significantly [50, 51] . However, +2 dopants such as Ca and Mg also improve the thermal reduction temperature and fuel productivity [52] . Among various tetravalent dopants (Zr, Ti, Hf, Sn), the reduction capability of CeO 2 increases largely due to the addition of smaller size Zr 4+ , in agreement with thermodynamic predictions [53, 54] . Non-stoichiometry of 19 mol% Zrdoped CeO 2 is shown to be larger than CeO 2 (figure 13a) although the reoxidation is somewhat difficult [54, 55] .
(a) Perovskites
The large degree of reduction capability at elevated temperatures and reversible reoxidation are among the basic criteria needed for a material to be used for the solar-thermal reduction of H 2 O and CO 2 . Large numbers of perovskite oxides of ABO 3−δ class are known to create oxygen non-stoichiometry. Nalbandian et al. [57] have investigated La 1−x Sr x MO 3 (M = Mn, Fe; x = 0-1) perovskites for thermochemical syngas production using CH 4 and H 2 O as reactants at 1273 K. Notably, the addition of 5% NiO on La 1−x Sr x FeO 3 is reported to produce maximum H 2 [58] .
Beside the fact of lowering the reaction temperature, use of CH 4 and H 2 O as reactants suffers from significant coke formation. The La 1−x Sr x MnO 3 (LSM) family of perovskites has been successfully applied for reduction of CO 2 and H 2 O by using the two-step process.
In LSM, replacement of trivalent La by divalent Sr creates holes located at the Mn sites, creating Mn 3+ /Mn 4+ pairs. A detailed thermodynamic investigation by Scheffe et al. [56] reveals the greater oxygen non-stoichiometry of LSM perovskites compared with ceria. Experimental investigations show LSM35 (La 0. 65 Sr 0.35 MnO 3 ) reduces to a greater extent than CeO 2 (T RED = 1773 K, figure 13b ). Despite having less favourable oxidation thermodynamics, LSM35 produces more CO than CeO 2 (figure 13b). Thermochemical H 2 O splitting was studied using LSM (x = 0-0.5) by Yang et al. [59] showing higher fuel production capability than CeO 2 . For higher Sr content stoichiometric reoxidation needs high concentration of H 2 O as dictated by thermodynamic and kinetic assessments. A similar observation has been reported by Demont et al. [60] for CO 2 splitting. La 1−x Ca x MnO 3 (LCM; x = 0.35, 0.5, 0.65) class of perovskites has been recently explored for the thermochemical CO 2 and H 2 O splitting from our laboratory and shows even more promising results [61] . The extent of reduction increases with the Ca content with a gradual decrease in the reduction temperature (figure 14a). The amount of O 2 evolved from LCM35, LCM50 and LCM65 is 109, 315 and 653 µmol g −1 , respectively, at T RED of 1673 K (figure 14a). Under similar experimental conditions, LCM50 produces 1.6 times and 5 times more O 2 than La 0.5 Sr 0.5 MnO 3 (201 µmol g −1 ) and CeO 2 (63 µmol g −1 ), respectively (figure 14b). LCM reoxidizes stoichiometrically upto x = 0.5 by 40% CO 2 compositions at T GS = 1373 K (figure 14a). Importantly, the CO productivity of LCM50 (525 µmol g −1 ) is also about 1.6 times and 5 times larger than La 0.5 Sr 0.5 MnO 3 (325 µmol g −1 ) and CeO 2 (112 µmol g −1 ), respectively (figure 14b). Constant fuel production activity of LCM50 during multiple cycles makes it even more promising. LCM50 shows superior performance during the thermochemical H 2 O splitting keeping the reaction kinetics similar to that of La 0.5 Sr 0.5 MnO 3 . Structural investigations reveal that the smaller size of Ca causes LCM50 to be orthorhombic whereas LSM50 is rhombohedral. The superior activity of LCM50 over LSM50 is related to their structural differences.
Electronic and magnetic properties of the rare earth manganites are known to be strongly dependent on the size of rare earth ions [62] . In this regard, two series of perovskites, Ln 0.5 Sr 0.5 MnO 3 and Ln 0.5 Ca 0.5 MnO 3 (Ln = La, Nd, Sm, Gd, Dy, Y), were recently used to thermally split CO 2 (H 2 O) by our group [63] . Oxygen non-stoichiometry of rare earth manganites increases with the decreasing size of the rare earth ion from La to Y ( figure 15a, b) . The yttrium derivatives evolve highest amount of O 2 . Decrease in the radius of rare earth ions decreases the tolerance factor (τ ). Decrease in τ indicates the increase in lattice distortion and reduction Table 3 . O 2 production and CO (H 2 ) evolution results of perovskite oxides using thermochemical two-step process. Adapted with permission from [63] . [65] . SLMA perovskites produce multiple times more fuel than CeO 2 keeping the reaction kinetics unaltered and are reported to minimize the carbonate formation substantially [66] . Our preliminary results indicate gradual doping of Al enhances the O 2 evolution of La 0. 5 
Conclusion and future directions
The studies reported here clearly demonstrate the reasonable success of artificial photosynthesis to generate oxygen and hydrogen by the oxidation and the reduction of water, respectively. In particular, good quantities of hydrogen can be produced at reasonable rates by using semiconductor heterostructures of the type ZnO/Pt/Cd 1−x Zn x S using visible light. Modification of the oxide or the replacement of Pt by NiO has yielded good results. The high yield of hydrogen obtained with dye-sensitized MoS 2 and MoSe 2 nanosheets especially in the 1T form is noteworthy. Production of both CO and H 2 by solar-thermal reduction of CO 2 and H 2 O by using perovskite oxides seems to be viable for further exploitation. A useful strategy would be to use Mn 3 O 4 -NaMnO 2 catalyst cycle for solar-thermal generation of hydrogen [67] . Another approach which requires considerable effort is overall water splitting where both the oxidation and the reduction of water occur with a single catalyst particle. Although there are some limitations, this method promises to be a useful direction for further studies. This strategy would avoid the use of sacrificial agents. In closing, we have the feeling that solar production of hydrogen from water may indeed become viable for commercialization in the distant future. If it is possible to avoid storage of hydrogen by using the hydrogen produced by the solar-thermal or photochemical means directly, one could avoid the serious problem of storage of hydrogen.
